,5 , proposed by several groups. One possibility is that heparininduced oligomerization of bFGF results in dimerization and Jinhua Zheng 1 , Takatoshi Kawai 6 , Seymour Mong 1 and Manfred E.Wolff 1,3 activation of fibroblast growth factor receptor-1 (FGFR) (Ornitz et al., 1992; Spivak-Kroizman et al., 1994; Schlessinger et al., 1 Technipharm Inc., 1304 Morningside Drive, Laguna Beach, CA 92651, 1995 Wang et al., 1995; Faham et al., 1996) . Alternatively, Recently, high-and low-affinity receptor binding sites on 3 To whom correspondence should be addressed the bFGF surface have been identified by employing structurebased site-directed mutagenesis (Springer et al., 1994) . AccordBasic fibroblast growth factor (bFGF) is implicated in the ing to this study, the high-affinity site includes residues Tyr24, pathogenesis of several vascular and connective diseases.
the bFGF surface have been identified by employing structurebased site-directed mutagenesis (Springer et al., 1994) . AccordBasic fibroblast growth factor (bFGF) is implicated in the ing to this study, the high-affinity site includes residues Tyr24, pathogenesis of several vascular and connective diseases.
Arg44, Asn101, Tyr103, Leu140 and Met124 on bFGF whereas A key step in the discovery of bFGF receptor antagonists the low-affinity site is composed of amino acids Lys110, to mitigate these actions is to define the functional epitope Tyr111 and Trp114. In addition, Zhu et al. (1995) identified required for receptor binding of the growth factor. In
Glu96 as a crucial residue for binding to FGFR1β through an previous studies, we identified Glu96 as an essential residue electrostatic interaction. In the three-dimensional structure of in this epitope using site-directed mutagenesis. Here we basic fibroblast growth factor (Eriksson et al., 1991 (Eriksson et al., , 1993 ; examined the role of solvent accessible neighboring residues Zhang et al., 1991; Zhu et al., 1991) , Glu96 is located of Glu96 of bFGF on receptor binding affinity. Wild-type approximately between the high-and low-affinity binding sites, bFGF and its muteins were cloned and expressed in suggesting that other neighboring residues could be involved Escherichia coli and evaluated for FGF receptor binding in high-affinity interaction. Here we report the results of affinity. Replacement of Asn104 of bFGF by alanine additional site-directed mutagenesis studies on these neighborreduced receptor binding affinity over 400-fold compared ing residues. To define clearly the potential targets for mutagenwith wild-type bFGF. We next explored the effect of esis, each residue within a 7.5 Å radius of Glu96 was identified neighboring residues of Asn104 on receptor binding affinity.
based on the crystal structure of bFGF and its solventMuteins in which Arg97, Leu98, Glu99, Asn101, Asn102, accessible surface area (ASA) was calculated (Chothia, 1974) .
Thr105 and Pro141 were individually replaced by alanine
Those residues which were found to be solvent accessible exhibited receptor binding similar to wild-type bFGF. By (Ͼ10 Å 2 ) were mutated to alanine. The resulting muteins were contrast, substitution of Tyr103 or Leu140 by alanine then expressed and purified to near homogeneity employing a reduced receptor binding affinity about 400-and 150-fold, heparin-Sepharose column followed by a CM-Sepharose colrespectively, in accord with a previous report. We conclude umn. The binding affinities of these muteins to soluble that at least six solvent-accessible residues in bFGF are FGFR1β-tissue plasminogen activator (TPA) fusion protein crucial for high-affinity receptor binding, as evidenced were determined and compared with wild-type bFGF. Upon by at least a 10-fold diminution in the affinity of the identification of each crucial residue, the corresponding neighcorresponding alanine muteins. The polar residues Glu96 boring residues within a 7.5 Å radius were further examined. and Asn104 appear to form an area important for facilitatThose which are solvent accessible were subjected to seconding the initial contact between ligand and receptor, whereas round mutagenesis and receptor binding assay. (Folkman, 1985) , wound healing (Folkman and Klagsburn, 1987) , rheumatoid disease (Melnyk et al., 1990) from NEN Research Products. Anti-bFGF monoclonal antibody was purchased from Upstate Biotechnology. Alkaline phosphatand diabetic retinopathy (Sivalingam et al., 1990) . Mechanisms of FGF receptor dimerization induced by bFGF have been ase-conjugated anti-mouse IgG antibodies were purchased from Bio-Rad. Prestained protein molecular weight standards were purchased from GIBCO/BRL. All other chemicals were of reagent grade, purchased from Sigma.
Identification of residues for mutagenesis
The crystal structure of bFGF was obtained from the protein data bank (Koetzle et al., 1977; Abola et al., 1987) (code 3FGF) and analyzed computationally as described previously (Zhu et al., 1995) . Solvent-accessible residues (Ͼ10 Å 2 ) within a 7.5 Å radius of Glu96 and Asn104 were chosen for sitedirected mutagenesis.
Mutagenesis, protein expression and purification
The construction of the human bFGF gene into the pET11d vector, mutagenesis and expression and purification have been described previously (Zhu et al., 1995) . Briefly, after sitedirected mutagenesis, the expression vector was transformed into the BL21(DE3) Escherichia coli strain. Cultures were grown to an A 600 of 0.8 in LB medium containing 40 µg/ml ampicillin at 37°C. Expression of bFGF and muteins was induced by adding 0.4 mM isopropyl-β-D-thiogalactopyrano- was purified using a CM-Sepharose column, followed by a are shown as a white stick model.
heparin-Sepharose column. The concentration of wild-type bFGF and its mutants was then determined by the Bradford method. Binding assays were performed essentially as described previhaving ASA greater than 10 Å 2 ously (Zhu et al., 1995 interaction (Zhu et al., 1995) . Here we describe the sitea The phenolic hydroxyl group on Tyr106 is accessible to water.
directed mutagenesis of solvent-accessible neighbors of Glu96 within a 7.5 Å radius based on the crystal structure of bFGF Asn104 and Arg107 are solvent accessible and Thr105, Ile65, (Eriksson et al., 1991 (Eriksson et al., , 1993 Zhang et al., 1991; Phe94 and Try106 are either fully buried or hardly solvent 1991). The ASA of each residue reported here was calculated accessible (Table I) . To evaluate whether neighboring residues based on a published algorithm (Chothia, 1974) . Those which of Glu96 are involved in high-affinity receptor binding, we were found to be solvent accessible (Ͼ10 Å 2 ) were subjected replaced each solvent-accessible residue (Ͼ10 Å) with alanine to site-directed mutagenesis. The resulting muteins were then and determined the receptor binding affinities of the resulting compared with wild-type bFGF for their receptor binding muteins using a radiolabeled receptor competition assay. All affinities to soluble FGFR1β-TPA fusion protein.
of the expressed recombinant proteins were partially soluble Site-directed mutagenesis of the neighboring residues within and could be purified to homogeneity using a CM-Sepharose a 7.5 Å radius of Glu96 column, followed by a heparin-Sepharose column. We found that substitution of Leu55, Val63, Arg97, Leu98 and Arg107 Analysis of the crystal structure of bFGF indicates that Leu55, Val63, Ile65, Phe94, Phe95, Arg97, Leu98, Asn104, Thr105, by alanine gave muteins exhibiting receptor binding affinities similar to wild-type bFGF (Table I) . By contrast, replacement Tyr106 and Arg107 are within a 7.5 Å radius of Glu96 ( Figure  1 ). Of these residues, Leu55, Val63, Phe95, Arg97, Leu98, of residues Phe95 and Asn104 with alanine gave~6.28-and (Table I) .
434-fold reductions of receptor binding affinities, respectively
Site-directed mutagenesis of residues within a 7.5 Å radius based on the dynamic structure of bFGF to evaluate the of Asn104 potential of neighbors of Glu96 for high-affinity receptor To explore further potentially critical residues around Asn104, binding (Figure 1 ). Substitution of residues Leu55, Val63, we examined residues within a 7.5 Å radius of Asn104. The Arg97, Leu98 and Arg107 by alanine gave muteins with nearly crystal structure of bFGF indicates that Leu23, Glu96, Arg97, unchanged receptor binding affinity compared with the wildLeu98, Glu99, Asn101, Asn102, Tyr103, Thr105, Tyr106, type. By contrast, replacement of residues Phe95 and Asn104 Ile137, Phe139, Leu140 and Pro141 are such neighbors of reduced the receptor binding affinity~6.3-and 434-fold, Asn104. Residues Leu23, Thr105, Tyr106, Ile137 and Phe139 respectively, compared with the wild-type (Table I) . Since are either fully buried or hardly solvent accessible, whereas residue Asn104 is conserved among nine members of the FGF Tyr103, Leu140, Pro141, Glu96, Arg97, Leu98, Glu99, Asn101 family (Zhu et al., 1995) , this result opens up the possibility and Asn102 are solvent accessible (Ͼ10 Å 2 ) (Table II) .
that the conserved asparagine residue in other members of the Replacement of these solvent-exposed residues with alanine FGF family may also play an important role in high-affinity and expression of the resulting muteins yielded partially soluble receptor binding. The F95A mutation has a moderate effect protein muteins. These were purified and their receptor binding on receptor binding affinity, suggesting that Phe95 is either affinities were determined by a radiolabeled receptor competitclose to the receptor binding site or is a part of the structural ive assay. Table II shows that substitution of Asn101, Tyr103 epitope. and Leu140 with alanine reduces the receptor binding affinities
To evaluate whether the significant loss of receptor binding 7.72-, 402-and 245-fold, respectively, compared with the affinity of the N104A mutein is due to the effect of heparin wild-type protein, confirming the importance of these three on the FGF-FGFR interaction, we consider the following residues for high-affinity receptor binding, as reported previevidence. First, heparin is thought to serve primarily to ously (Springer et al., 1994) .
juxtapose components of the FGF signal transduction pathway and no significant conformational change in bFGF occurs Discussion upon heparin oligosaccharide binding. In fact, heparin is not absolutely essential for the binding of bFGF to its receptor, Several attempts have been made to define residues that participate in the FGF-FGFR interactions. Structure-based although it increases the binding about 10-fold (Pantoliano et al., 1993) . Second, the heparin-FGF interaction has been site-directed mutagenesis studies by Springer et al. (1994) showed the primary high-affinity FGF receptor binding site to shown to involve a number of residues of bFGF, including Asn102 and Asn103, by site-directed mutagensis and X-ray be the four hydrophobic amino acids (Tyr24, Tyr103, Leu140 and Met142) and the two polar residues (Arg44 and Asn101) crystallographic approaches Faham et al., 1996) . Neither Asn102 nor Asn103 reduced binding by (Figure 2 ). Subsequently we identified Glu96, situated between the high-and low-affinity binding sites (Figure 2) , as a as much as a factor of 10 in the studies we report here. By contrast, the mutein N104A exhibits a reduction in binding by crucial residue for high-affinity receptor binding through an electrostatic interaction (Zhu et al., 1995) . a factor of 400. Finally, like wild-type bFGF, N104A binds tightly to heparin-Sepharose and can be eluted from a heparinIn the present work, we carried out site-directed mutagenesis Sepharose column with 2 M NaCl buffer, suggesting that binding (Figure 2) . Interestingly, residue Asn104 is within 5-7 Å of the high-affinity receptor binding residues Leu140 and replacement of Asn104 by alanine does not affect heparin affinity and there is no global conformational change in the Tyr103. Hydrophobic residues Tyr24, Tyr103, Leu140 and Met142, identified by Springer et al. (1994) , appear to be N104A mutein.
To address whether this mutant may affect the ability of facing in the same direction and provide the hydrophobic energy required for the protein association (Figure 2 ). The bFGF to dimerize, we considered the following points. Although heparin-induced ligand dimerization may be required restricted rotational freedom of the carboxylate group of Glu96, owing to hydrogen bond formation by the phenolic hydroxyl for receptor oligomerization (Ornitz et al., 1995; Wang et al., 1995; Faham et al., 1996) , ligand dimerization is not a required group of Tyr106, minimizes the loss of entropy produced upon electrostatic binding between Glu96 and the receptor. step prior to high-affinity receptor binding. Thus, the bFGF mutants K110E, Y111A and W114A exhibit decreased mitogSite-directed mutagenesis experiments on bFGF show that Lys110, Tyr111 and Trp114 in the interstrand 9/10 domain are enic activity without a decrease in high-affinity FGFR and heparin binding (Springer et al., 1994) . Since N104A binds not required for the receptor binding affinity, but are important in stimulating the proliferation of 3T3 fibroblasts (Springer strongly to heparin, the effect of the mutation on receptor binding is unlikely to be due to an effect on ligand dimerization. Zhu et al., 1995) . Furthermore, replacement of this loop in bFGF with the corresponding loop structure The discovery of this new residue as a novel receptor binding epitope encouraged us to extend further our affinity from FGF1 altered the receptor binding specificity of FGF2, indicating that this loop is a receptor binding specificity epitope mapping studies to the neighbors of Asn104. On this basis, we expanded site-directed mutagenesis to replace the determinant of fibroblast growth factors (Seddon et al., 1995) .
On the other hand, site-directed mutagenesis studies on FGFR following neighboring solvent-accessible residues by alanine: Arg97, Leu98, Glu99, Asn101, Asn102, Tyr103, Leu140 and show that the active core of the receptor (the loop II, the inter-loop II/III sequence, the N-terminus of loop III and Pro141. Most of the resulting muteins were similar to wildtype bFGF in their binding affinity for FGFR1-TPA, but three, glycosaminoglycan) can bind to acidic fibroblast growth factor (aFGF), bFGF and KFGF (Wang et al., 1995) . The specificity N101A, Y103A and L140A, showed reductions of 7.7-, 402-and 245-fold, respectively (Table II) , in agreement with the of an FGF ligand bound to the active core is determined by how the ligand interacts with the highly conserved invariant results of Springer et al. (1994) .
The present data, together with our previous identification fl1 domain on the front face of loop III (Wang et al., 1995) . Based on these reports, we believe that the highly conserved of Glu96 as a crucial residue (Zhu et al., 1995) , as well as the work of Pantoliano et al. (1994) and Springer et al. (1994) , residues Tyr24, Glu96, Tyr103, Asn104, Leu140 among nine members of the FGF family bind to this active core of the indicate that the primary high-affinity FGFR binding site involves at least four hydrophobic residues (Tyr24, Tyr103, receptor, whereas the distinct FGF type-specific interstrand 9/10 domain may interact with receptor domains on the front Leu140 and Met142) and two polar residues (Glu96 and Asn104). In principle, the latter moieties can participate in of loop III (Seddon et al., 1995; Wang et al., 1995) . In addition, we speculate that Glu96 and Asn104 associate with the receptor electrostatic interaction and hydrogen bonding with the receptor. In the case of Glu96, we have adduced evidence for this as the initial binding event and are responsible for an increase in the on-rate. Subsequently, the two 'arms' of bFGF, carrying through the preparation of E96K and E96Q, which exibit diminished binding affinities (Zhu et al., 1995) .
the low-and high-affinity receptor binding hydrophobic patches, bind to loop II and loop III, respectively, of FGFR1β. Several qualitative principles regarding protein-protein interactions have been deduced from the structure of numerous This molecular mechanism of interaction between bFGF and FGFR1β is consistent with the model wherein one ligand crystal structures of protein-protein complexes. First, hydrogen bonding and other electrostatic interactions are critical in interacts with one receptor (Schlessinger et al., 1995; Wang et al., 1995) . determining specificity in the interactions. Second, predominantly buried hydrophobic surfaces are an important element In summary, our work has identified both Glu96 and Asn104 of bFGF as crucial polar residues that are required for highin tight binding. Finally, sufficient conformational rigidity in unbound ligand and acceptor is required to obviate an affinity receptor binding and that may function as the primary recognition site for this process. The identification of the novel unacceptable entropy loss upon binding. The role of crucial hydrophobic and polar residues in protein-protein interfaces binding epitope on bFGF will be useful in discovering FGFR1β antagonists by de novo design and by computational substrucand their importance to human growth hormone agonist/ antagonist discovery has been discussed recently (Cunningham ture screening (Dietrich, 1995; Marshall, 1995). and Wells, 1993; Clackson and Wells, 1995) . Based on this hypothesis, the hydrophobic moieties form a functional epitope
